We examined the thermal stability, glass-forming ability (GFA) and mechanical properties of Mg-Y-Zn(-Cu) base alloys produced by melt-spinning and copper mold casting methods. The glass-forming ability of Mg-Y-Zn ternary glassy alloys was not high enough to form a bulk glassy alloy by the copper mold casting method. The Cu addition to form the Mg 65 Y 10 Zn 25Àx Cu x (x ¼ 0 to 25 at%) quaternary alloys resulted in a significant increase in GFA and thermal stability of the amorphous phase. 
Introduction
Mg-based glassy alloys are regarded as a new family of promising materials with high specific strength, toughness and good corrosion resistance in contrast to the Mg-based crystalline alloys. Consequently, great efforts [1] [2] [3] [4] have been devoted to the development of Mg-based glassy alloys with high strength in a bulk form because the bulk form is essential for application as structural materials. Inoue et al. succeeded in producing a bulk Mg 65 Y 10 Cu 25 glassy alloy with a diameter up to 4 mm. 1, 2) Furthermore, the Mg-based bulk glassy alloys exhibit high tensile fracture strength over 800 MPa which is more than twice as high as the highest strength of conventional Mg-based crystalline alloys. However, the Mg-based glassy alloys with the highest glassforming ability (GFA) have a disadvantage of lacking in good ductility. The improvement of ductility in the maintenance of high strength level has strongly been desired for practical use of Mg-based bulk glassy alloys.
Since the position of Zn in the periodic table of elements neighbors with Cu, the glass-forming ability of Mg-Y-Zn alloy system has not been studied systematically up to now although the glass-forming ability of Mg-Y-Cu ternary system has been studied. In addition, the previous study 1) shows that Cu has good affection on the glass-forming ability of Mg-based glassy alloys. Therefore, in the present work we examined the thermal stability, glass-forming ability and mechanical properties of Mg-Y-Zn(-Cu) glassy alloys and fabricated a bulk glassy alloy with high glass-forming ability, high strength and good ductility.
Experimental
Multicomponent Mg-Y-Zn(-Cu) alloys were examined in this study. Their master ingots were prepared by induction melting mixtures of pure Mg, Zn, Mg-Y alloy and Cu-Y alloy in a purified argon atmosphere. From the master alloy ingots, glassy ribbon samples were obtained by rapid solidification of their melts on a single copper roller at the roller surface velocity of 42 m/s. The cylindrical bulk alloys with a length of 55 mm and different diameters of up to 4.0 mm were prepared by the copper mold casting method. Glassy structure was identified by X-ray diffraction and transmission electron microscopy (TEM). Thermal stability associated with glass transition, supercooled liquid, crystallization and melting temperatures were examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. Hardness of the ribbon specimens was measured with a Vickers hardness tester with a load of 9:8 Â 10 À2 N. Ductility of the samples was examined by 180 degrees bend test at room temperature. The samples which could be bent by 180 degrees without fracture were judged to be ductile. The compressive strength was evaluated by compression test using specimens which were cut from the cast cylindrical rods by 4 mm in length. The cut surfaces were mirror polished parallel. The specimens were compressed between hard BN platens in an Instron machine. Compression tests were carried out at an initial strain rate of 5 Â 10 À4 s À1 at room temperature. The values of Young's modulus and elongation were evaluated with a strain gauge meter. Fracture surface was examined using a scanning electron microscopy (SEM). Figure 1 shows the compositional dependence of Vickers hardness (Hv), bending ductility, T g and T x (where T g is the glass transition temperature, T x is the crystallization onset temperature) for the melt-spun Mg-Y-Zn ribbons in an asquenched state. Comprehensively considering the thermal stability, glass-forming ability, ductility and mechanical properties of the Mg-Y-Zn ternary alloys, the Mg 75 Y 10 Zn 15 glassy alloy is the best and exhibits high thermal stability (ÁT x ¼ T x À T g ¼ 23 K), high Vickers hardness (Hv=195) and good bend ductility. However, the GFA of the Mg 75 Y 10 Zn 15 ternary alloy is still not high enough to produce a bulk glassy rod of even 1 mm in diameter by copper-mold casting. Since increasing the multicomponent interaction in alloys is an important route to develop a new easy glassy former, 5) the influence of copper addition on the thermal stability, glass-forming ability and mechanical properties of Mg-Y-Zn-Cu quaternary alloys was studied further.
Results and Discussion
We confirmed that a glassy phase was formed in the Mg 75Àx Y 10 Zn 15 Cu x alloys containing Cu up to 15 at% by melt spinning. Figure 2 shows the DSC curves of the meltspun Mg 75Àx Y 10 Zn 15 Cu x glassy alloys. All the alloys exhibit a distinct glass transition, followed by a supercooled liquid region and then exothermic reactions due to crystallization. Based on the DSC curves, the values of T g , T x and ÁT x for the Mg 75Àx Y 10 Zn 15 Cu x glassy alloys are listed in Table 1 .
From Table 1 , it is recognized that the T g , T x and ÁT x increase with Cu addition. The thermal stability of supercooled liquid metal increases with Cu addition. However, the ribbons become more and more brittle with Cu addition for the Mg 75Àx Y 10 Zn 15 Cu x alloys. Considering this problem, we decreased the Zn content while increasing Cu content. Figure 3 shows the DSC curves of the melt-spun Mg 65 Y 10 Zn 25Àx Cu x glassy alloys. It shows that the T x increases significantly whereas the T g decreases by the Cu addition. As a result, the supercooled liquid region (ÁT x ¼ T x À T g ) become wider. As stated by Inoue et al., 5) a high ÁT x value implies that the supercooled liquid can exist in a wide temperature range without crystallization and has a high resistance to the nucleation and growth of crystalline phases, leading to high glass-forming ability.
Based on the DSC curves in Fig. 3 , the T g , T x , ÁT x and T g =T m of the Mg 65 Y 10 Zn 25Àx Cu x glassy alloys are listed in Table 2 rod with a diameter of 3 mm. The micrographs reveals the feature of a single phase metallic glass 6) and the corresponding electron diffraction pattern shows only halo rings. The lack of contrast characteristic of a crystalline phase in the bright-field image (a) and broad diffuse haloes in the electron diffraction patterns (b) clearly indicate the formation of a glassy structure without any trace of crystallinity.
The reason why the replacement of Zn by Cu in Mg-Y-ZnCu alloys results in an increase of glass-forming ability may be explained on the basis of the following three empirical rules, 7) i.e., (1) multi-component systems consisting of more than three kinds of elements, (2) significant difference in atomic size ratios above 12% among the main constituent elements, and (3) suitable negative heats of mixing among their main elements. In the present work, both Cu and Zn have negative heats of mixing against Mg and Y. The difference exists in the atomic size ratios among the elements in the present system. The Mg-Y-Cu glassy system is composed of three elements with a larger size (Y), a medium size (Mg) and a smaller size (Cu) and the atomic size ratios of Y/Mg and Mg/Cu are as large as 1.14 and 1.25 respectively. Such significant size mismatches enable us to form a more dense random packing structure which is favorable for the formation of a stabilized supercooled liquid as well as the high glass-forming ability. 1) On the other hand, although the Mg-Y-Zn-Cu glassy alloys are also composed of elements with larger size (Y), medium size (Mg) and smaller size (Zn and Cu), the atomic size ratio of Mg/Zn is only 1.08, which is smaller than 1.12. Therefore, the larger difference in the atomic size ratios for the Mg-Y-Cu system as compared with the Mg-Y-Zn-Cu system should be the main reason for the higher glass-forming ability. For the Mg-Y-Zn-Cu system, increasing the multicomponent interaction in the present work seems to be the minor factor for the formation of the bulk glassy alloy. This result is opposite to the report 8) in which Mg-Cu-Zn-Y quaternary alloys exhibited higher GFA than Mg-Cu-Y ternary alloy due to the partial replacement of Cu with Zn. glassy alloy exhibits more developed vein regions which also indicates better ductility. A previous study 9) suggests that the fracture of the glassy alloy takes place by inhomogeneous shear sliding accompanying the generation of a smooth region on the fracture surface, followed by an adiabatic failure at the applied stress level which agrees with the fracture load at the reduced cross section caused by the shear sliding. The increase in the compressive stain for the 
Summary
The thermal stability, glass-forming ability and mechanical properties of the Mg-Y-Zn(-Cu) based glassy alloys were studied. The results obtained are summarized as follows.
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